For optimum function, biological membranes need a fluid environment, which is afforded by the liquiddisordered phase of lipids with low chain-melting temperatures or the liquid-ordered phase that is formed by combining high chain-melting lipids with cholesterol. The dependence of chain-melting transition temperature on lipid chain structure is therefore of central importance. The currently available database, including sphingolipids and glycolipids, is summarised here by parameterising systematic dependences on molecular structure in terms of suitable thermodynamic models. Chain-length dependence, chain asymmetry of lipids forming partially interdigitated and mixed interdigitated gel phases, chain unsaturation, positional dependence of methyl branching, headgroup-attached and α-branched chains, and length of zwitterionic headgroups are all covered. This type of information is essential for biophysical approaches to functional lipidomics.
Introduction
Biological membranes require a fluid lipid environment for optimal activity of membrane-bound enzymes and transport systems [1] [2] [3] [4] [5] [6] [7] , and for the necessary elastic membrane flexibility [8] [9] [10] . This is generally achieved by lipids with low chain-melting transitions. However, different states of fluidity offer the organizational advantage of in-plane compartmentation, as by the formation of lipid-raft domains in plasma membranes [11] . The latter are produced by combining a high-melting lipid with cholesterol, resulting in formation of the so-called liquid-ordered phase [12] .
The chain-melting transition temperature therefore assumes an important role in the lipid composition of biological membranes. In the present paper, I review the dependences of membrane chainmelting temperature on structure of the phospholipid chains. This information is crucial to the biophysical aspects of any functional lipidomics initiative. The approach is to use thermodynamic models [13] [14] [15] [16] , which results in a convenient parameterization of the systematic dependences of chain-melting temperature on chain structure. Optimised parameters are given which summarise the currently available database. In addition to extending existing analyses to cover new data, asymmetry of lipids forming mixed interdigitated gel phases, the positional dependence of methyl chain branches, headgroup length of zwitterionic lipids, and chain asymmetry of sphingomyelins are treated here for the first time.
Biological membrane lipids are chosen to have chains of sufficient length to ensure maintenance of the essential barrier properties of the membrane and to provide hydrophobic matching with embedded membrane-spanning proteins, whilst fulfilling the requirements for chain-melting temperature that are outlined above.
Chain-melting transition
At a first-order transition, the Gibbs free energy is continuous, but there are discontinuous changes, ΔH t and ΔS t , in enthalpy and entropy:
where subscript "t" indicates changes taking place at the transition temperature, T t . The transition temperature is therefore related to the calorimetric properties by:
Hence, it is the dependence of the transition enthalpy and transition entropy on lipid chain structure that determines the chain dependence of the transition temperature. 
Chain-length dependence
For two-chain lipids with zero or constant chain asymmetry, the transition enthalpy and transition entropy are found to depend linearly on lipid chain length, n [13, 17] :
where ΔH inc and ΔS inc are the incremental transition enthalpy and transition entropy per CH 2 group, respectively, and n H and n S are the chain lengths for which the transition enthalpy and transition entropy, respectively, extrapolate to zero, which account for all end contributions. These end contributions are given simply by: ΔH end =n H ΔH inc for the transition enthalpy, and ΔS end =n S ΔS inc for the transition entropy. Not only do they include contributions from the polar head groups, chain linkage and terminal methyl groups, but they also can include inherent chain asymmetries, branched chains and ω-cyclohexyl groups, provided that these are maintained constant with increasing chain length, as for instance in a homologous series of isoacyl or anteisoacyl chains. From Eqs. (2)- (4), the chain-length dependence of the transition temperature for two-chain lipids with zero or constant chain asymmetry is given by:
where T t ∞ (≡ΔH inc /ΔS inc ) is the transition temperature extrapolated to infinite chain length. Equation 5 is found to describe very well the dependence of the chain-melting temperature, T m , on chain length for a wide variety of bilayer-forming diacyl and dialkyl phospholipids, and over a considerable range of n (see, e.g., Fig. 1 ). methylhexadecanoyl; (14:0 dmi ) ≡ (11Me 2 -12:0): dimethylisotetradecanoyl ≡ 11,11-dimethyldodecanoyl (≡ ω-t-butyl-decanoyl); (ω ch 13:0): ω-cyclohexyl-tridecanoyl (19 Catoms). Headgroup notation: PC, phosphatidylcholine; PE, phosphatidylethanolamine; PG, phosphatidylglycerol; PS, phosphatidylserine; PA, phosphatidic acid; PEMe, N-methyl phosphatidylethanolamine; PE(N-n:0), N-acyl phosphatidylethanolamine; GlcαDG: 1,2-diacyl-3-α-D-glucosyl-sn-glycerol; GlcβDG: 1,2-diacyl-3-β-D-glucosyl-sn-glycerol GalβDG: 1,2-diacyl-3-β-D-galactosyl-sn-glycerol. b References to experimental data used in fitting. For 1,2-(n:0 i ) 2 PC, 1,2-(n:0 dmi ) 2 PC, 1,2-(ω ch n:0) 2 PC, 1,2-(n:0 i ) 2 PE, 1,2-(O-n:0) 2 PE, 1,2-(n:0) 2 GlcαDG and 1,2-(n:0) 2 GlcβDG, the data sets and fitting parameters are the same as given in the original analysis of ref. [13] . For 1,2-(n:0) 2 PC and 1,2-(n:0) 2 PE, the data sets are extended and fitting parameters differ slightly from those given originally [13] . For 1,2-(n:0 ai ) 2 PC, the same data set is used, but the fit is better than in ref. [13] . For 1,2-(O-n:0) 2 PC, an incomplete data set was used originally; the present fitting parameters supersede those in ref. [13] . summarises non-linear, least-squares fitting parameters of Eq. (5), for the entire database. In Table 1 , the values of T m ∞ are much the same, in the region of 400-420 K (∼130-150°C), for all lipids. This is to be expected because T m ∞ is the extrapolated limit for very long chains, where contributions from end effects become relatively insignificant compared with the chain contributions. On the other hand, the values of n H and n S reflect the differences in enthalpic and entropic contributions from the various lipid head groups for a given type of chain, and the different types of chain or chain linkage for a given polar head group. Note that, because the branched methyl groups are included in the total chainlength n of isoacyl and anteisoacyl lipids, their values of n H and n S should be reduced by one for n:0 i and n:0 ai chains, and by two for n:0 dmi chains, when comparing structurally with the corresponding n:0 straight-chain lipids. This correction clearly is not required for the differences, n H − n S , that are listed in Table 1 . Correspondingly, the terminal cyclohexyl group is not included in the total chain length, n, of the ω cy n:0 lipids, which accounts in part for why these lipids have the lowest values of n S in Table 1 .
Chain asymmetry-partial interdigitation
For two-chain lipids with asymmetrical chains of constant mean length, n = (n 1 + n 2 )/2, where n 1 and n 2 are the numbers of C-atoms in the sn-1 and sn-2 chains, respectively, the chain-melting enthalpy and entropy have a bilinear dependence on the chain length asymmetry, Δn = n 1 − n 2 , that reaches a maximum for an asymmetry, Δn o , that corresponds to the conformational inequivalence of the sn-1 and sn-2 chains [14] . This holds for intermediate degrees of asymmetry, such that interdigitation of chains from apposing bilayer leaflets in the gel phase is only partial (see Fig. 2 ). As will be seen below in Section 5, the condition for partial interdigitation is that the absolute chain-length asymmetry has a value less than approximately: |Δn + Δn o | b0.45n (where Δn o is the intrinsic asymmetry between the sn-1 and sn-2 chains), i.e., is somewhat less than half the mean chain length (cf. [44, 45] ). For phosphatidylcholines, the innate asymmetry Δn o arises from the sc/γ configuration of the lipid molecule, with the glycerol backbone oriented preferentially parallel to the bilayer normal and the sn-2 chain bent at the C-2 position to achieve parallel packing with the sn-1 chain [46, 47] . Other glycerol backbone configurations (sc/β, -sc/γ and -sc/β) that are found in the crystal structures of different phospholipid species will give rise to different values of Δn o , if they occur also in the hydrated bilayer state.
For the interdigitated sections of the chains, the incremental transition enthalpy and entropy are reduced by amounts Δh and Δs, respectively, relative to those (ΔH inc and ΔS inc ) for the sections of the chain with full intramolecular overlap, i.e., have the values (ΔH inc − Δh) and (ΔS inc − Δs), respectively. The dependences of the transition enthalpy and transition entropy on both mean chain length and chain asymmetry are then given by [14] :
where n H and n S are now the end contributions that are not included in the chain asymmetry, which is given explicitly here by the final terms on the right of Eqs. 6 and 7. The reduced quantities h′ = Δh/ ΔH inc and s′ = Δs/ΔS inc are the fractional deficits in the incremental transition enthalpy and entropy, respectively, for those sections of the chain that do not have intramolecular overlap (see Fig. 2 ). They are normalized with the corresponding full incremental values for chains with intramolecular overlap, and both are dimensionless. From Eqs. (2), (6) and (7), the chain-length dependence of the chain-melting temperature, when the asymmetry in chain length, Δn, is considered explicitly, is given by:
Eq. (8) is able to describe the dependence of the chain-melting temperature, T m , on chain asymmetry for lipids of fixed mean chain length, over the range of asymmetries that corresponds to the partially interdigitated gel state (see Fig. 3 ). Also the dependence on mean chain length for fixed asymmetry, and on the length of one chain with that of the other fixed, is well described by this equation ([14] , and see Figs. 4 and 7 given later). Sphingomyelin is a phosphocholine-containing sphingolipid in which an N-acyl chain is amide-linked to sphingosine (sphing-4-enine). The long-chain base has a fixed length of 18 C atoms, but the length of the N-acyl chain is variable and can exceed that of sphingosine by a considerable amount in natural sphingolipids. The glycerolipid analogue of sphingomyelin is phosphatidylcholine with sn-1 chain of fixed length and variable-length sn-2 chain. Fig. 4 (solid squares) shows the dependence of the chain-melting transition temperature of sphingomyelins on length, n 2 , of the N-acyl chain, for Fig. 2 . Schematic diagram of the chain packing of phosphatidylcholines with sn-1 and sn-2 chains of unequal length (n 1 and n 2 , respectively) in a partially interdigitated gel phase. The incremental chain-melting transition enthalpies (per CH 2 group) are ΔH inc for sn-1 and sn-2 chains overlapping in the same diacyl lipid molecule, and those from the chains overlapping from opposed molecules are ΔH inc − Δh. Similar considerations apply to the incremental chain-melting entropies. Fig. 3 . Dependence of the chain-melting transition temperature of asymmetric phosphatidylcholines (solid symbols, PC, [44, 45, 48] ) and phosphatidylglycerols (open symbols, PG, [49] ) on the difference in length, Δn = n 1 -n 2 , between the sn-1 and sn-2 chains. Data are given for different mean chain lengths which are maintained fixed at n = (n 1 + n 2 )/2 = 17, 16, 15 or 14, as indicated, and moderate chain asymmetries that correspond to formation of partially interdigitated gel phases. Solid lines are non-linear, least-squares fits of Eq. (8) to the data for PC. Fitting parameters are given in Table 2 .
a fixed sphingoid chain. The chain-melting temperature does not vary greatly with increasing N-acyl chain length for chains longer than 18 C-atoms (equal to that of sphingosine), but decreases abruptly for shorter chains. Comparison with phosphatidylcholine bilayers shows that this behaviour is characteristic of chain asymmetry, which causes partially interdigitated gel phases to form. Open symbols given in Fig.  4 show the dependence of the chain-melting temperature of phosphatidylcholines on the length, n 2 , of the sn-2 chain, for a fixed sn-1 chain length of n 1 = 16 or 18 C-atoms (i.e., comparable to that of sphingosine). The dotted lines in Fig. 4 are predictions of Eq. (8) with the parameters of Table 2 for asymmetric phosphatidylcholines that form partially interdigitated gel phases. A strong similarity with the dependence on N-acyl chain length for sphingomyelins is seen clearly. The point at which the transition temperature decreases abruptly corresponds to matching of the effective lengths for the sn-1 and sn-2 chains, i.e., n 2 = n 1 +Δn o = 17.24 and 18.24 for the two phosphatidylcholine series. For the sphingomyelin series, on the other hand, this matching point occurs at a lower value, n 2 ≈ 16.7, than for phosphatidylcholine with n 1 = 18 because the N-acyl chain is attached at the 2-position of the 18-carbon sphingosine chain. The corollary of this is that the N-acyl chain in sphingomyelin has a bent conformation at the point of attachment that is similar to that of the sn-2 chain in phosphoglycerolipids.
The data set for sphingomyelins is insufficient to parameterise Eq. (8) uniquely. However, it can describe the dependence of chainmelting on N-acyl chain length with good precision. The solid line in Fig. 4 represents a least squares optimisation with the fractional deficits in incremental transition enthalpy and entropy constrained equal to the values found for phosphatidylcholine. Even so, the entropic end contribution is not determined with any degree of precision. Therefore, this value was also fixed, at s′ = 0, providing an equally good fit, which is that given in Fig. 4 . Nevertheless, as discussed above, the value of the offset, Δn o , between the sphingosine and N-acyl chains is reasonably well defined in this procedure. Table 2 summarises non-linear, least-squares fitting parameters of Eq. (8), for phosphatidylcholines, phosphatidylglycerols and phosphatidylethanolamines with mean chain lengths in the range 14 ≤ n ≤ 18 and asymmetries in the range − 8 ≤ Δn ≤ 6, depending on chain length, and for the more restricted data with sphingomyelin. The values of T m ∞ lie in much the same range as found for lipids with symmetric chains in Table 1 . This is as expected, because T m ∞ corresponds to the chain-melting temperature extrapolated to chain lengths at which the contribution from fully overlapping chains dominates over all others. For the glycerolipids, the values of Δn o are in the range expected (∼1.5 CH 2 units) from the inherent conformational asymmetry in attachment of the sn-1 and sn-2 chains to the glycerol backbone that arises from the sc/γ configuration [57] [58] [59] , and which appears also to be preserved in sphingomyelins. The values of n H and n S in Table 2 differ from those for the same lipid species, but with symmetrical chains, that are given in Table 1 because, in the latter case, they contain end contributions from the innate asymmetry between the sn-1 and sn-2 chains that is allowed for explicitly (by the Δn o term) in Table 2 . Nonetheless, the characteristic differences between the species with different polar head groups are preserved.
Chain asymmetry-full interdigitation
For larger asymmetries in chain length between the sn-1 and sn-2 chains, the longer chain interdigitates fully between those of the apposing bilayer leaflet (see Fig. 5 ). As seen below, the condition for formation of this mixed interdigitated gel phase is that the absolute chain-length asymmetry has a value greater than approximately: |Δn + Δn o | N0.45n, i.e., approaching half the mean chain length (cf. refs. [44, 45] ). As seen from Fig. 4 , to within end effects, fully matched interdigitation is achieved in the mixed interdigitated phase when one chain is twice as long as the other: n 1 = 2n 2 , or vice-versa. This corresponds to an absolute lipid chain-length asymmetry of jΔn + Δn o j = 2 = 3 n for nearly exact matching. Chain-melting transition temperatures, enthalpies and entropies initially increase with increasing lipid chain-length asymmetry for mixed interdigitated bilayers. This reverses the trend found for lipid bilayers with partially interdigitated gel phases. On further increasing the chain-length asymmetry in the mixed interdigitated phase, transition temperatures, enthalpies and entropies reach a maximum for fully matched interdigitated chains, and then subsequently decrease (see Fig. 6 ). The dependences of the chain-melting enthalpy and entropy on absolute chain-length asymmetry, |Δn + Δn o |, and Fig. 4 . Dependence of the chain-melting transition temperature of sphingomyelins with fixed sphingoid chain (solid squares; [50] ) and asymmetric phosphatidylcholines (open symbols) of fixed sn-1 chain length (n 1 = 16, 18) that form partially interdigitated gel phases [18, 51] , on length, n 2 , of the N-acyl or sn-2 chain, respectively. Solid and dashed lines are predictions of Eq. (8) for partially interdigitated gel phases using the parameters given in Table 2 . Vertical dotted lines indicate the position for matching of the effective lengths of N-acyl and sphingosine chains or sn-1 and sn-2 chains.
Table 2
Dependence of chain-melting temperature on chain-length asymmetry (− 8 ≤ Δn ≤ 6), according to Eq. (8), for mixed-chain phosphatidylcholines (n 1 :0/n 2 :0)PC, phosphatidylethanolamines (n 1 :0/n 2 :0)PE, phosphatidylglycerols (n 1 :0/n 2 :0)PG and sphingomyelins SM(d18:1/n 2 :0) that form partially interdigitated gel phases (see ref. [14] ). mean chain length, n, for lipids that form mixed interdigitated gel phases can be described by:
where Δh MI and Δs MI are the deficits in incremental enthalpy and entropy, respectively, for non-overlapped chain segments (see Fig. 5 ), n H and n S now include all end contributions not specifically involving non-overlapped chain segments, and Δn MI represents the offset of fully matching interdigitation from the asymmetry defined by jΔn + Δn o j = 2 = 3 n. If exact matching of the overlapped chains in the mixed interdigitated phase were achieved with one chain twice the length of the other, then Δn MI would be zero. The incremental transition enthalpy and transition entropy for chain segments that are not overlapped are given by ΔH inc − Δh MI and ΔS inc − Δs MI , respectively, irrespective of which chain is the longer. This equality of slopes (Δh MI and Δs MI ) on either side of the maximum (for constant mean chain length) is a simplifying assumption, because this corresponds to non-overlap of chains on the low-asymmetry side, but to overlap with the headgroups on the high-asymmetry side (see Fig. 5 ). However, the current data (cf. Fig. 6 ) do not justify a more elaborate model. From Eqs. (2), (9) and (10), the dependence of the chain-melting temperature on absolute chain-length asymmetry and mean chain length for lipids that form the mixed interdigitated gel phase is given by:
where h′ MI ( = Δh MI /ΔH inc ) and s′ MI ( = Δs MI /ΔS inc ) are the fractional deficits in incremental enthalpy and entropy, respectively, for nonoverlapped chain segments. Again these quantities are normalized with the corresponding full incremental values (ΔH inc and ΔS inc ) for chains with intramolecular overlap, and both are dimensionless. Equation 11 is able to describe the dependence of the chainmelting temperature, T m , on chain asymmetry reasonably well for lipids of fixed mean chain length, over the range of asymmetries that corresponds to the mixed interdigitated gel state (see Fig. 6 ). Table 3 Tables 1 and 2 ), but unfortunately n H and n S cannot be determined independently with any degree of accuracy. Therefore, a fixed value of n S = 0 was used in the fitting, which means that physical significance cannot be attributed to these values (nor to h′ MI and s′ MI ). However, it is significant that the value of Δn MI remains consistently small, confirming that fully matched interdigitation is achieved with one chain almost exactly twice the length of the other. The abrupt discontinuity between the predictions of Eqs. (8) and (11) for the dependence of chain-melting temperature on chain asymmetry that is seen in Fig. 6 (dotted and solid lines, respectively) defines the boundary between the partially and mixed interdigitated regimes. The ratio of absolute asymmetry to mean chain length, |Δn+Δn o |/n, at the cross-over point varies between 0.44 and 0.46 with decreasing mean chain length. Strictly speaking, comparison should be made with the longer of the two chain lengths [44, 45] , but it seems that using the mean chain length also provides a reasonably reliable indicator. Fig. 7 shows the dependence of chain-melting temperature on length of the sn-1 chain for lipids with fixed chain asymmetries. Eq. (11) is able adequately to describe the dependence on mean chain length for the lipid series forming mixed interdigitated gel phases (solid symbols), although not quite so well as Eq. (8) describes that for the series forming partially interdigitated gel phases (open symbols).
Unsaturated chains
The chain-melting transition temperatures of diacyl phospholipids with symmetrical cis-monoenoic chains, or with a saturated sn-1 chain and cis-monoenoic sn-2 chain, display a biphasic dependence on the position, n u , of the double bond in the chain [63] [64] [65] . For -1) is approximately twice the length of the shorter chain. The incremental chain-melting transition enthalpies (per CH 2 group) are ΔH inc for overlapping sn-1 and sn-2 chains, and ΔH inc − Δh MI for non-overlapped chain segments. Similar considerations apply to the incremental chain-melting entropies. Fig. 6 . Dependence of the chain-melting transition temperature of asymmetric phosphatidylcholines with mixed interdigitated gel phases (solid symbols; [45, 60, 61] ), or partially interdigitated gel phases (open symbols; [44, 45, 48] ), on the absolute difference in length, |Δn + Δn o | ≡ |n 1 − n 2 + Δn o |, between the sn-1 and sn-2 chains. Data are given for different mean chain lengths which are maintained fixed at n = (n 1 + n 2 )/2 = 17, 16, 15 or 14, as indicated, and include large asymmetries that correspond to formation of mixed interdigitated gel phases. Solid lines are non-linear, least-squares fits of Eq. (11) to the data for mixed interdigitated gel phases; fitting parameters are given in Table 3 . Dotted lines are non-linear, least-squares fits of Eq. (8) to the data for partially interdigitated gel phases (cf. Fig. 3 ).
Table 3
Dependence of chain-melting temperature on absolute chain-length asymmetry, |Δn+Δn o |, (Δn ≤ −8 and Δn≥6) according to Eq. (11) for mixed-chain phosphatidylcholines (n 1 :0/n 2 :0)PC that form mixed interdigitated gel phases. Experimental data fitted are from refs. [45, 60, 61] . a Δn o = 1.24 for PC (see Table 2 ). b Maintained fixed.
constant chain length n of the unsaturated chain, the transition temperature reaches a minimum value T m ∞ for some critical position, n u = n c , of the double bond that is close to, but not coincident with, the chain midpoint. Fig. 8 shows the dependence of the chain-melting transition temperature, enthalpy and entropy on position of the cisdouble bond for symmetric monoenoic diacyl phosphatidylcholines with a fixed chain length of 18 C-atoms. The dependence of the calorimetric enthalpy and entropy on double-bond position is not great for chains of fixed length. Nevertheless, a bilinear dependence analogous to that found above is suggested, in which transition enthalpy, ΔH m , and entropy, ΔS m , change symmetrically with distance of the double bond from the critical position, n c [16] :
where ΔH m c (n) and ΔS m c (n) are the extremum values of ΔH m (n,n u ) and ΔS m (n,n u ), respectively, which are obtained with the double bond at the critical position n u = n c (n). The quantities that depend on chain length are indicated as implicit functions of n. These equations imply that contributions to the calorimetric quantities differ for the sections of the chain above and below the double bond, depending on which is the longer (see Fig. 10, given later) .
From Eqs. (2), (12) and (13), the dependence of chain-melting temperature on double-bond position for a fixed chain length is given by:
where T m c (n) (≡ΔH m c (n)/ΔS m c (n)) is the minimum value of the transition temperature for the critical double bond position n u =n c (n), and h m ' (n) (≡Δh c /ΔH m c (n)) and s c ' (n) (≡Δs c /ΔS m c (n)) are the normalized incremental positional deficits in the calorimetric quantities, which are dimensionless. This equation can describe the dependence of chainmelting temperature on double-bond position for a wide variety of monoenoic phosphatidylcholines and phosphatidylethanolamines with constant chain length (see Fig. 9 ). The parameters from nonlinear least-squares fitting are given in Table 4 . Because the changes in calorimetric properties are relatively small, the constraint s c ′ =0 was used in the fitting procedure [16] . This is especially the case for phosphatidylethanolamines, where the change in chain-melting temperature with double-bond position is considerably smaller than for phosphatidylcholines.
As seen from Fig. 10 , the symmetrical linear dependence of ΔH m arises because the incremental enthalpy of the longer chain section, above or below the double bond, is greater by an amount Δh c than Fig. 8 . Dependence of the chain-melting transition temperature, T m (upper panel) and chain-melting enthalpy, ΔH m , and entropy, ΔS m (lower two panels) of symmetric monoenoic phosphatidylcholines with a fixed chain length, n = 18, on position, n u , of the cis-double bond. Data points from ref. [63] . Solid lines are least-squares fits of Eqs. (14), (12) and (13) to the data for transition temperature, enthalpy and entropy, respectively. [18, 51] ), on length, n 1 , of the sn-1 chain for lipids with fixed chain-length asymmetry, Δn = n 1 − n 2 , as indicated. Solid lines are predictions of Eq. (11) for mixed interdigitated gel phases using the parameters given in Table 3 . Dotted lines are corresponding predictions of Eq. (8) for partially interdigitated gel phases.
that of the shorter section. The incremental transition enthalpy and transition entropy are ΔH inc and ΔS inc , respectively, for the longer chain section, and ΔH inc − Δh c and ΔS inc − Δs c , respectively, for the shorter chain section on the other side of the double bond. The molecular origin for this difference is most probably that, in the gel phase, the perturbation introduced by the double bond causes less optimal packing of the shorter section of the chain than of the longer, because it is energetically more favourable for the longer section to pack well. Note that the values of h c ′ that are given in Table 4 are all positive.
Because of "end" effects, the critical position of the double bond, n c , in Eqs. 12 and 13 is offset from the centre of the chain, n/2, by an amount δn c ≡ (δn u − δn)/2 ∼ 0.9−1.8 [16] :
where δn u and δn (multiplied by the corresponding incremental quantities) represent the constant end contributions to the transition enthalpy (and entropy) for the upper and lower sections, respectively, of the unsaturated chain. From Table 4 , for lipids in which the length of the unsaturated chain is held constant at 18 C-atoms, the offset from the middle of the chain is in the range: δn c ∼0.9−1.8 for the (n 1 :0/18:1cΔ nu )PC series. End contributions to the upper and lower sections of the chain arise from the g
Δs + configuration about the cis-double bond, which optimizes packing of the unsaturated chains in the gel phase, and from the bent configuration at the C-2 position of the sn-2 chain. From molecular mechanics calculations, Huang and co-workers [69] conclude that δn u = 5 and δn 2 = 2, which results in a predicted offset of δn c = 1.5, hence substantiating the connection of the thermodynamic model with lipid chain structure. For lipids with an unsaturated sn-2 chain of fixed length, the dependence of the extremum value, ΔH m c (n 1 ), in Eq. (12) on length, n 1 , of the saturated sn-1 acyl chain is given by an expression analogous to Eq. (3):
where
is the incremental transition entropy per CH 2 group of the sn-1 chain, and n 1,H represents not only end effects but all contributions that do not depend on n 1 , including those from the sn-2 chain. An equivalent expression holds for the dependence on n 1 of the extremum value ΔS m c (n 1 ) in Eq. (13) . As regards chain-length asymmetry, the sn-2 chain is assumed shorter than the sn-1 chain (after allowing for the shortening effects of the double bond and the bent conformation at the glycerol backbone). This holds for all the lipids that are included in Table 4 . Thus from Eqs. (2), (16) per CH 2 group for the longer and shorter segments, respectively, of the sn-2 chain. The effective length of the upper chain segment is n u − δn u and that of the lower segment is (n 2 − n u ) − δn 2 . Equivalent considerations hold for symmetrical monoenoic diacyl phospholipids in which the sn-1 chain is also unsaturated, and the effective length of the lower chain segments is then both (n − n u ) − δn. Similar considerations apply to the incremental chain-melting entropies. Experimental data fitted are from refs. [63] [64] [65] [66] [67] [68] . Data sets used and fitting parameters are those given in ref. [16] . a Maintained fixed. Fig. 11 (top panel) gives the dependence of the transitiontemperature minimum on length of the sn-1 chain for both (n 1 :0/ 18:1cΔ nu )PC and PE series with unsaturated sn-2 chains. Equation 17
is able to describe the dependence on n 1 with high precision. The fitting parameters are given in Table 5 . They differ greatly from those for saturated symmetrical diacyl PCs and PEs, which are given in Table  1 , because of the presence of the cis-double bond in the sn-2 chain, and because the length of the latter is held constant at 18 C-atoms. Interestingly, the values of n 1,H and n 1,S are rather similar for the phosphatidylcholine and phosphatidylethanolamine series. This suggests that, for the double bond at the critical chain position, the effects of unsaturation tend to outweigh the differences between headgroups, most probably leading to greater headgroup hydration than is found for saturated phosphatidylethanolamines. Nonetheless, the origin of the dependence of the transition temperature of lipids with unsaturation in the biologically relevant sn-2 chain, on length of the saturated chain in the sn-1 position (also biologically relevant), is exactly the same as that already characterized for the symmetrical disaturated phospholipids. Note that when the sn-1 chain of phosphatidylcholine is also unsaturated (18:1cΔ nu ), the minimum transition temperature is lower than that for any of the analogues with saturated sn-1 chain. Also, for the same saturated sn-1 chain (20:0), the minimum transition temperature increases on increasing the chain length of the sn-2 chain from (18:1Δ nu ) to (20:1Δ nu ).
The incremental positional enthalpic deficit, h' c , also depends on length, n 1 , of the sn-1 chain, because of the normalisation by ΔH m c (n 1 ): (16), the dependence on n 1 is therefore given by:
The bottom panel of Fig. 11 shows that Eq. (18) can describe the dependence on sn-1 chain length for both the phosphatidylcholine and phosphatidylethanolamine series quite well. The fitting parameters, Δh c /ΔH' inc,1 and n 1,H , are given in Table 5 . The value of the latter is consistent with that obtained from fits of the transition temperature T m c (n 1 ) for phosphatidylcholine; for phosphatidylethanolamines the chain-length dependence is rather weak and therefore n 1,H is not determined very accurately. The significant result is that the dependence on position of the double bond in the sn-2 chain is well determined by the model indicated in Fig. 10 , with a constant value for the enthalpic deficit Δh c , independent of the sn-1 chain length.
Methyl-branched chains
Chains with methyl branches are used by micro-organisms, as a chemically more stable alternative to cis-double bonds, for reducing the chain-melting temperature of the membrane lipids. An extreme example is the phytanyl chain of archaeal lipids which contains four branched methyl groups in a chain of 16 C-atoms.
As for a cis-double bond, a single branched methyl group divides the lipid chain into a longer and a shorter section, resulting in a biphasic dependence of chain-melting temperature on position of methyl substitution, with a minimum at a characteristic position n Me =n c (see Fig. 12 ). Unlike the situation with cis-double bonds, the chain-melting enthalpy and entropy also depend very strongly on position, n Me , of methyl substitution in the chain. The straight lines in Fig. 12 ) correspond to bilinear fits of the transition enthalpy and entropy, according to Eqs. (12) and (13) with n Me ≡n u . The dependence of the chain-melting temperature on methyl position can be described by Eq. (14) with parameters T m c , n c , h c ' and s c ', in exactly the same way as for unsaturated chains.
Parameters from non-linear least-squares fits are given in Table 6 . The (interpolated) values for the critical chain position, n c , of the methyl group indicate that the maximum depression in chain-melting transition is obtained for a methyl group located at the centre of the chain: n Me ≈ n/2. The values of the minimum transition temperature, T m c , for C-18 chains indicate that a methyl group is equally effective as a cis-double bond in lowering the chain-melting transition.
α-Branched chains and chain-modified headgroups
Addition of a third chain, either attached to the lipid headgroup (as in N-acyl phosphatidylethanolamines) or as a branch of one of the glycerol-attached chains (as in α-branched mycolic acids, or in lipid A of lipopolysaccharides), gives further contributions to the thermodynamics of chain-melting (see Fig. 13 ). As for mismatch in chain length of the two glycerol-attached chains, the chain-melting temperature Table 5 Dependence of transition temperature minimum, T m c , and incremental positional enthalpic deficit, h c ′ , from Table 4 on sn-1 chain length, n 1 , according to Eqs. (17) and (18), respectively, for sn-2 monoenoic phosphatidylcholines (PC) and phosphatidylethanolamines (PE) [16] .
(n 1 :0/18:1)PC 298.6 0.438 13.41 0.119 ± 0.013 13.8 ± 0.5 (n 1 :0/18:1)PE 308.6 ± 1.7 0.10 ± 0.05 13.7 ± 0.8 0.093 ± 0.028 7.5 ± 3.0
Note: fitting parameters are those given in ref. [16] . (14), (12) and (13) to the data for transition temperature, enthalpy and entropy, respectively. displays a biphasic dependence on length, n 3 , of the third chain. This indicates that, for third chains shorter than a critical length, Δn 3 , the packing of the third chain changes from parallel alignment with the sn-1 and sn-2 chains (cf. [70] ) to a less ordered packing mode. A change in packing mode of the third chain will affect all thermodynamic parameters of the chain-melting transition, as indicated for the enthalpy in Fig. 13 . Based on the latter, a biphasic linear dependence on n 3 is assumed for both the transition enthalpy and transition entropy, when the length, n, of the glycerol-attached chains is kept fixed [15] :
ΔS m n; n 3 ð Þ= ΔS inc;3 jn 3 − Δn 3 j + n 3;S n ð Þ − Δs 3 n 3 ð20Þ
where ΔH inc,3 , ΔS inc,3 are the incremental transition enthalpy and entropy, respectively, for the third chain, and n 3,H (n) and n 3,S (n) represent all further contributions that are not dependent on the length of the third chain. (For compactness, the term Δh 3 n in Fig. 13 is subsumed in the total n-dependent term n 3,H (n) in Eq. (19) , and correspondingly in Eq. (20)). In the absence of the third chain, note that the transition enthalpy and entropy corresponding to the entire lipid molecule are notionally: ΔH m (n) = (n 3,H (n) + |Δn 3 |)ΔH inc,3 and ΔS m (n) = (n 3,S (n) + |Δn 3 |)ΔS inc,3 , respectively. The net incremental transition enthalpy for long third chains (n 3 N Δn 3 ) is (ΔH inc,3 − Δh 3 ), and that for short third chains (n 3 b Δn 3 ) is −(ΔH inc,3 + Δh 3 ), i.e., is of different magnitude and opposite in sign. This latter feature is the real basis of the thermodynamic model, which is consequently far more general than the specific scheme given in Fig. 13 . Similar considerations to those for the transition enthalpy hold also for the transition entropy. From Eqs. (2), (19) and (20), the dependence of the chain-melting transition temperature on length of the third chain is given by:
where the parameters T m (3) ( = ΔH inc,3 /ΔS inc,3 ) and h 3 ′ ( = Δh 3 /ΔH inc,3 ),
are related directly to the dependence of the calorimetric enthalpy and entropy on length of the third chain.
Note that the fractional deficits h 3 ′ and s 3 ′ are again dimensionless, but T m (3) is not the minimum chain-melting temperature, which is given by
(n 3,H (n) − h 3 ′Δn 3 )/(n 3,S (n) − s 3 ′Δn 3 ). A more general treatment that explicitly includes the dependence on length, n, of the glycerol-attached chains is given in ref. [15] . Fig. 14 shows the dependence of the chain-melting temperature on length of the third chain for phosphatidylcholines with α-branched sn-1 chains, and for N-acyl phosphatidylethanolamines and O-alkyl phosphatidic acids with headgroup-attached chains. It is seen that Eq. (21) is capable of describing the dependence on length of the third chain, over a wide range that encompasses both the long and short chain-length regimes. Fitting parameters obtained by nonlinear, least-squares optimization are given in Table 7 . Non-zero values of h 3 ′ and s 3 ′ (i.e., of Δh 3 and Δs 3 ) are required to describe the marked asymmetry in the dependence of chain-melting temperature on length of the third chain that is seen for all lipid systems shown in Fig. 14. Short chains with n 3 b Δn 3 make a relatively smaller contribution to the total calorimetric enthalpy and entropy than do long chains with n 3 N Δn 3 , because Δh 3 ′ and Δs 3 ′ are positive. This means that the short chains pack less well in the bilayer structure than do the long chains, or alternatively do not enter the bilayer at all.
For N-acyl phosphatidylethanolamines, it is found by spin-label EPR that long N-acyl chains pack parallel to the glycerol-attached chains, within the bilayer interior [70] . For short N-acyl chains, it is not known with certainty whether they remain in the headgroup region or simply partially disrupt the packing of the glycerol-attached chains. In the case of phosphatidylcholines with α-branched chains, the latter scenario is far the more likely for the short-chain regime. Structural information is not available for the alkyl phosphatidic acids, but it seems highly likely that the shorter chains are located in the head-group region and are disordered. The longer alkyl chains either may enter the bilayer core and pack parallel to the glycerol-attached chains, or possibly might pack closely with one another in a purely hydrocarbon phase above the lipid headgroups.
With the possible exception of TPE, the critical chain length, Δn 3 , for the lipids in Fig. 14 is in the region of 9 C-atoms. For chains shorter than this, entropy of disorder presumably begins to outweigh the enthalpic advantages of van der Waals interactions that accrue from The incremental chain-melting enthalpy (per CH 2 group) for the N-acyl chain is ΔH inc,3 in the regions where the chains overlap, and Δh 3 is an incremental deficit from those regions of the glycerol-attached chains where the N-acyl chains do not overlap (see ref. [38] ). The sign associated with ΔH inc,3 changes depending on whether the Nacyl chain is longer or shorter than the critical length Δn 3 , as reflected by the switching function |n 3 -Δn 3 | (see ref. [15] ). The net incremental transition enthalpy with respect to length of the N-acyl chain is (ΔH inc,3 − Δh 3 ) for long N-acyl chains (n 3 N Δn 3 ), and − (ΔH inc,3 + Δh 3 ) for short N-acyl chains (n 3 b Δn 3 ). (Note that the switching function involving the critical chain length Δn 3 could instead have been applied equivalently to the incremental deficit term Δh 3 .) well-packed chains. Interestingly, this is also close to the critical chain length below which phosphatidylcholines, and other diacyl phospholipids, do not form stable bilayers [71] .
Length of zwitterionic head groups
Although not strictly pertaining to chain structure, phosphatidylcholine analogues exhibit a biphasic dependence of chain-melting enthalpy, entropy and transition temperature on separation between phosphate and quaternary nitrogen in the zwitterionic headgroup [77] . Fig. 15 shows the dependence of transition temperature, enthalpy and entropy on number, n 3 , of CH 2 groups between phosphate and nitrogen in a homologous series of phosphatidyltrimethylalkanolamines. All calorimetric parameters display an oddeven alternation. This indicates that the headgroup conformation/ orientation must differ between analogues with odd and even numbers of CH 2 groups separating the phosphate and nitrogen. For both odd and even analogues, the chain-melting properties have a biphasic dependence on headgroup length, n 3 . The dependence of the transition enthalpy and entropy on n 3 is approximately bilinear with absolute slopes for the odd analogues that differ considerably above and below the critical length, n 3 = Δn 3 , in accordance with Eqs. (19) and (20) . In contrast to the headgroup-attached chains of Fig. 14 , the chain-melting temperature goes through a maximum, rather than a minimum, with increasing length. Also, the variation with number of CH 2 groups is considerably smaller in total extent for the zwitterionic headgroups.
Unfortunately, the odd-even alternation effectively halves the available number of data points, and limits the resolution with which the critical headgroup length, Δn 3 , can be determined. For the chain-melting temperature, the number of data points in the odd or even series is less than the number of parameters in Eq. (21) . Nevertheless, the transition temperature, enthalpy and entropy for both odd and even series can be reasonably well described by Eqs. (19) - (21) with a consistent set of parameters. These simulations are given by the solid lines in Fig. 15 , and the parameters are listed in Table 7 (with the additional values of ΔH inc,3 and ΔS inc,3 given in the legend to Fig. 15 ). It is notable that the variation in chain-melting temperature is considerably larger for the odd series than for the even series.
As proposed in ref. [77] , the variation in chain-melting properties with head-group P-N distance in phosphatidyl trimethylalkanolamines probably reflects interactions between the phosphate and quaternary ammonium groups more than interactions of the linking chains per se. This is consistent with the odd-even alternation, which suggests that particular conformations are required to optimise interactions. Also, the critical P-N separation, Δn 3 , at which this occurs differs between odd and even values of n 3 . At chain lengths n 3 b Δn 3 , headgroup conformations presumably are too restricted to allow optimum P-N interactions, whereas for n 3 N Δn 3 , the linkage simply becomes too long and interactions more diffuse (cf. Fig. 15) .
Interestingly, the chain-melting temperature of phosphatidylethanolamine analogues decreases with increasing number of CH 2 groups between phosphate and nitrogen [17, 78, 79] . The extent of variation is much greater than for the phosphatidylcholine analogues, presumably because hydrogen bonding in the PE head groups is disrupted. Data for the phosphatidylalkanolamine series are available only up to n 3 = 5, at which point the transition temperature is still decreasing rapidly.
Conclusion
The analysis of chain-melting in lipid membranes via systematic dependences of the chain-melting enthalpy and entropy on lipid structure (Eq. (2)) gives a rational, thermodynamically-based approach to describing the chain-melting temperatures. Linear dependences of the calorimetric properties on lipid chain length and on chain asymmetry have been demonstrated previously [14, 17, 38, 80] . Examples for other structural parameters are given here. However, because transition temperatures can be determined with greater accuracy than can the other calorimetric quantities, better precision is obtained by fitting the resulting expressions for the transition temperatures (Eqs. 5, 8, 11, 14 and 21) directly.
Additional to previous treatments of several structural dependences, new analyses are developed here for mixed interdigitated gel phases of lipids with one chain twice the length of the other, for the positional dependence of chain methyl branches, for the dependence on head-group length of zwitterionic lipids, and for the chain asymmetry of sphingomyelins. This results in a detailed parameterization for many aspects of lipid molecular structure (Tables 1-7) . The largest database is for phosphatidylcholines, but predictions for other species can be made from the differences between the end contributions (n H and n S ) for the various symmetrical two-chain lipids that are given in Table 1 . In this way one can begin to predict the chainmelting behaviour, and indirectly mixing properties, for many of the lipid species revealed by lipidomic surveys.
As already noted, these biophysical attributes of membrane lipids are essential to cellular function. A fluid membrane is needed not only for optimum cell growth, but also for the activity of membrane-bound enzymes and transport systems. The membrane phase state is crucial to such further lipid features as hydrophobic matching [7, 81] , membrane curvature stress [7, 82] , and transmembrane permeability barrier [83] [84] [85] that also are functionally significant. Last, but not least, is the involvement of sphingolipids in the formation of in-plane membrane domains: the dependence on chain asymmetry that is given here characterizes the influence of molecular structure on phase state for this important class of raft-forming membrane lipids.
